Protein phosphatase 2Cb (PP2Cb) is a member of a family of protein Ser/Thr phosphatases (PP2C) that is composed of at least twelve different gene products. Recent studies have revealed that PP2Cb mRNA accumulates in mature sperm, unfertilized metaphase II-arrested oocytes and zygotes, but that the mRNA level then decreases sharply between the early two-cell and eight-cell stages, remaining at low levels during the 16-cell to blastocyst stages of mice. These observations raised the possibility that PP2Cb plays a crucial role during gametogenesis, fertilization, and/or early stages of embryonic development. In this study, we employed a gene knockout technique in mice to test this possibility. We found that PP2Cb D/wt mice generate normal mature gametes. However, PP2Cb D/D embryos die between the two-cell and eight-cell stages. To our interest, PP2Cb D/D ES cells which had been generated by transfecting PP2Cb 3lox/3lox ES cells with Cre-expressing plasmid were viable. In addition, knockdown of PP2Cb using siRNA did not affect the proliferation of wild-type ES cells. These observations suggest that relatively high PP2Cb expression is specifically required during the early stages of pre-implantation development. The possible mechanisms for the early pre-implantation lethality of PP2Cb D/D mice are discussed.
Introduction
Protein phosphorylation plays a key role in the regulation of cellular functions. In combination with protein kinases, protein phosphatases control the phosphorylation levels of cellular proteins. Eukaryote protein serine/threonine phosphatases (PP) are classified into two families, PPM and PPP, which are defined by their distinct amino acid sequences and three-dimensional structures (Cohen, 2004) . Protein phosphatase 2C (PP2C) and pyruvate dehydrogenase phosphatase belong to the PPM family, while PP1, PP2A, and PP2B belong to the PPP family. At least twelve distinct PP2C gene products (2Ca, 2Cb, 2Cc/ FIN13, 2Cd/ILKAP, 2Ce, 2Cf, 2Cg, Wip1, CaMKP/ hFEM2/POPX2, CaMKP-N/POPX1, NERPP-2C, and SCOP/PHLPP) have been found in mammalian cells (Tamura et al., 2004; Shimizu et al., 1999; Gao et al., 2005) . Structurally, all twelve distinct PP2C gene products share all or some of the six conserved motifs that are present in most of the PP2C gene products in a wide range of species. All of these PP2Cs have Mg 2+ -and/or Mn 2+ -dependent protein phosphatase activities against artificial substrates in vitro. These PP2C family members have been implicated in the regulation of various cellular functions including the stress response, cell cycle regulation, actin cytoskeleton organization, the Akt signaling pathway, and pre-mRNA splicing (Hanada et al., 1998 (Hanada et al., , 2001 Takekawa et al., 1998; Hishiya et al., 1999; Murray et al., 1999; Cheng et al., 2000; Tamura et al., 2002 Tamura et al., , 2004 Prajapati et al., 2004; Gao et al., 2005) .
PP2Cb has been found to have six (b-1, -2, -3, -4, -5, and -X) distinct splicing variants (Terasawa et al., 1993; Kato et al., 1995; Marley et al., 1998; Seroussi et al., 2001) . Northern blot and reverse transcriptase-polymerase chain reaction (RT-PCR) analyses indicate that murine PP2Cb-1 and PP2Cb-X are ubiquitously expressed, whereas PP2Cb-2 mRNA is selectively expressed in brain and heart and PP2Cb-3, -4, and -5 mRNAs are specifically expressed in testis, liver, and intestine (Terasawa et al., 1993; Kato et al., 1995; Marley et al., 1998; Seroussi et al., 2001) . In an earlier study of PP2Cb function in mammalian cells, we found that PP2Cb-1 expression selectively suppressed stress-induced activation of p38 and c-Jun Nterminal kinase (JNK), but had no effect on mitogeninduced extracellular signal-regulated kinase (ERK) activation (Hanada et al., 1998) . Investigation of PP2Cb-1-mediated suppression of the stress-activated protein kinase (SAPK) pathway indicated that PP2Cb-1 dephosphorylates and inactivates transforming growth factor-b (TGFb)-activated kinase 1 (TAK1), a MAPK kinase kinase (MKKK) activated by stress, TGF-b treatment or interleukin-1 stimulation (Hanada et al., 2001 ). Participation of PP2Cb in negative regulation of NFjB signaling and cell cycle progression has also been reported (Cheng et al., 2000; Prajapati et al., 2004) . However, little is known of the possible function(s) of PP2Cb in the regulation of mammalian development.
In this context, Wang et al. (2004) and Hamatani et al. (2004) recently performed a genome-wide study of gene activity in the pre-implantation mouse embryo and reported that PP2Cb mRNA accumulates in unfertilized metaphase II-arrested (MII) oocytes and zygotes, but that the mRNA level then decreases sharply between the early two-cell and eight-cell stages, and remains at low levels during the 16-cell to blastocyst stages. Conversely, the mRNA level of PP2Ca, a PP2C isoform that shares the highest overall similarity (about 75%) with PP2Cb of all family members, is very low in MII oocytes and zygotes but sharply increases thereafter until the four-cell stage Hamatani et al., 2004) . We have previously shown that the levels of PP2Cb-3, -4, and -5 mRNA increase specifically in germ cells in the testis during the first wave of spermatogenesis, especially after the pachytene stage, and that the PP2Cb protein level is much higher in the testes of adult mice compared with newborns (Kato et al., 1996) . Collectively, these observations raise the possibility that PP2Cb plays a unique role in gametogenesis, fertilization, and/or the development of pre-implantation embryos.
In this study, we generated and analyzed PP2Cb/ Ppm1b-deficient mice to examine the possible functions of PP2Cb in gametogenesis, fertilization and early stages of embryonic development. We show that PP2Cb D/wt mice are viable and able to generate normal mature gametes, whereas most PP2Cb D/D embryos die between the two-cell and eight-cell stages, suggesting that PP2Cb plays a unique role in the early stages of pre-implantation development of embryos.
Results
2.1. PP2Cb is expressed in spermatozoa, oocytes, and preimplantation embryos
We first characterized the expression and subcellular localization patterns of PP2Cb in mouse spermatozoa, oocytes, fertilized oocytes, and embryos at the pre-implantation stages by immunostaining with an anti-PP2Cb antibody (Fig. 1) . In spermatozoa prepared from wild-type mice, PP2Cb was detected in the midpiece (Fig. 1A, a-d) . This is consistent with our previous observation that the mRNA levels of three isoforms of PP2Cb (b-3, -4, and -5) increased over the course of mouse spermatogenesis, especially after the pachytene phase (Kato et al., 1996) . In MII oocytes from wild-type mice, PP2Cb was localized to the spindle complex and cytoplasm (Fig. 1B, a-d) . In zygotes and early and late two-cell embryos, PP2Cb was mainly localized in the cytoplasm with a few spots in the nucleus (Fig. 1C, a-l) . We also observed expression of PP2Cb in four and eight cell embryos, although the PP2Cb mRNA level had been reported to decrease sharply between the early two-cell and eight-cell stages (Fig. 1C , m-t) Hamatani et al., 2004) . Expression of PP2Cb in the inner cell mass of blastocysts was also observed (Fig. 1C, u-x) . These results indicate that PP2Cb is indeed expressed during early stages of pre-implantation development and suggest that a mechanism(s) for maintaining PP2Cb expression to a certain level, such as enhancement of translation or stabilization of PP2Cb protein, is activated in spite of the rapid decrease in the mRNA level after late two-cell stage.
PP2Cb
D/D embryos exhibit pre-implantation lethality
We next generated a PP2Cb deficient mouse to determine whether PP2Cb is required for gametogenesis, fertilization or early stages of embryonic development. The PP2Cb/Ppm1b gene is located on mouse chromosome 17 and has eleven exons ( Fig. 2A) . The targeting vector was designed to delete exon 4, which contains the translational initiation sites for all six alternative splicing isoforms and encodes five of the six conserved motifs known to be necessary for its catalytic activity (Tamura et al., 2004) . Thus, functional PP2Cb was not expected to be expressed from the mutated allele ( Fig. 2A and B) . The conditional targeting construct was introduced into ES cells by electroporation, and eleven of the resulting four hundred G418-resistant colonies were shown to have a PP2Cb 3lox/wt genotype (Fig. 2C) . One of these targeted ES cell clones was used to generate chimeric mice, which were then backcrossed to C57BL/6 mice to generate PP2Cb 3lox/wt mice. Finally, these mice were crossed with CAG-Cre transgenic mice, which express Cre ubiquitously in various tissues with relatively high expression in germ cells, to eliminate both Neo gene and exon 4 from 3lox containing allele, generating PP2Cb D/wt mice ( Fig. 2B ) (Sakai and Miyazaki, 1997) . PP2Cb D/wt mice appeared phenotypically healthy and were fertile up to one year of age. The expression and localization of PP2Cb in spermatozoa and oocytes from PP2Cb D/wt mice were similar to those of wild-type mice ( Fig. 1A and B, e-h). No differences in PP2Cb expression levels were observed between wild-type and PP2Cb D/wt mice in a variety of tissues (Fig. 2D) D/wt mice. PCR analysis of post-implantation embryos dissected from decidua at 13.5 to 7.5 dpc showed that none of these embryos were PP2Cb D/D in genotype (Table 1) . At 3.5 dpc (blastocyst stage), seventy-seven embryos were genotyped; two were found to be PP2Cb D/D , but only one embryo showed normal morphology. Sixty-six embryos were genotyped at 2.5 dpc (eightcell stage) and eight were PP2Cb D/D . Although one of the eight embryos showed normal morphology (Fig. 3C ), all others were abnormal in appearance ( Fig. 3D and E) . Three of seventy-one embryos genotyped at 1.5 dpc (twocell embryos) were PP2Cb D/D ; two embryos showed normal female mice (e-h). PP2Cb was detected in the spindle complex and cytoplasm of MII oocytes (a-d). The expression level and subcellular localization of PP2Cb in most of the MII oocytes from PP2Cb D/wt female were similar to those in MII oocytes from wild-type mice (e-h). (C) In wild-type pre-implantation embryos (a-b), PP2Cb was mainly localized in the cytoplasm, with some spots across the nucleus. Scale bar, 20 lm. Green shows staining by the indicated primary antibodies (anti-PP2Cb antibody and normal rabbit IgG), red shows staining of DNA (PI), and DIC indicates differential-interference-contrast images. PI staining was omitted in A-j and C-z. morphology ( Fig. 3H and I ), the other was abnormal (Fig. 3J ). However, it should be noted that the MII oocyte extrudes the second polar body following fertilization and that each two-cell embryo is attached to a second polar body, which includes a single copy of PP2Cb/Ppm1b gene that may be amplified by PCR. Therefore, it is likely that some PP2Cb
D/D embryos at 1.5 dpc were classified as PP2Cb D/wt in genotype by PCR analysis, resulting in an underestimation of the number of PP2Cb D/D embryos at 1.5 dpc.
In reciprocal crosses of PP2Cb D/wt and PP2Cb wt/wt mice, the ratio of PP2Cb D/wt and PP2Cb wt/wt genotypes in the progeny was 1:1, indicating that PP2Cb-deficient germ cells were functional throughout spermatogenesis and oogenesis D/wt mice was performed using anti-PP2Cb and anti-PP2Ca antibodies. Expression levels of a-tubulin are also shown.
( Table 2 ). Taken together, these results suggest that most of the PP2Cb D/D conceptuses die between the two-cell and eight-cell stages.
PP2Cb D/D ES cells are viable
We noticed that PP2Cb protein was expressed at a relatively high level in the inner cell mass of blastocysts compared with the trophoectoderm (Fig. 1C, u) Fig. 4A-C) . Although the predicted protein bands, of approximately 43-kDa (PP2Cb-1 -2, -3, -4, and -5) and 53-kDa (PP2Cb-X), were observed in ES cells, the PP2Cb D/D ES cells expressed no detectable PP2Cb protein (Fig. 4C) . We observed no differences in the proliferation rates of PP2Cb D/D and wild-type ES cells (Fig. 4D ).
Knockdown of PP2Cb or PP2Ca enhances the seruminduced phosphorylation of p38 in ES cells
A number of signaling pathways, including SAPK pathways, have been implicated in the regulation of the early stages of embryonic development (Hardy and Spanos, 2002; Wang et al., 2004; Zhong et al., 2004; Natale et al., 2004; Liu et al., 2004) . Furthermore, our previous studies have suggested a specific role for PP2Cb-1 in the regulation of SAPK cascades (Hanada et al., 1998 (Hanada et al., , 2001 . To clarify directly the requirement for PP2Cb in regulation of SAPK cascades and other signaling pathways, we tested the ability of PP2Cb D/D ES cells to phosphorylate members of these pathways. One complicating factor in this analysis was our observation of substantial variation in basal phosphorylation levels for these proteins among the cell clones, irrespective of PP2Cb genotype (data not shown). This may suggest that long exposure of ES cells to G418 imparts some secondary effects on the activity of various signaling systems in individual cells irrespective of the expression level of PP2Cb.
We therefore used the siRNA technique to investigate the effect of knockdown of PP2Cb on signaling pathways. Using this technique, we were able to avoid the problems associated with variation of basal activity levels of signaling pathways in individual ES cell clones. We constructed siRNA vectors against PP2Cb (pKDhH1) and PP2Ca (pKDhU6) and transfected ES cells with the vectors. Expression of all the isoforms of PP2Cb and PP2Ca was suppressed upon transfection with pKDhH1 and pKDhU6, respectively ( Fig. 5A and B) . However, the levels of PP2Ca and PP2Cb expression were not affected by knockdown of PP2Cb and PP2Ca, respectively. These results suggest that no compensatory enhanced expression of PP2Ca and PP2Cb takes place in the event of decreased PP2Cb and PP2Ca expression, respectively. To investigate the effects of decreased expression of PP2Cb on signaling pathways in general, ES cells harboring either a control vector or the PP2Cb siRNA vector were treated with fetal calf serum (FCS) containing a variety of growth factors, hormones, and cytokines, for different durations. We then determined the phosphorylation levels of ERK, JNK, p38, and Akt using antibodies against the phosphorylated forms of each protein ( Fig. 5C and D) . In control ES cells, an increase in the phosphorylation level of p38 was observed 5 min after the initiation of serum treatment; this level reached a maximum at 15 min and decreased thereafter. In ES cells where PP2Cb expression was knocked-down, the phosphorylation level of p38 was further enhanced at each time point until 30 min compared with control ES cells. No such additionally enhanced p38 phosphorylation was observed when double strand RNA for EGFP was expressed in the cells, suggesting that the enhanced phosphorylation of p38 was not caused by expressing any small RNA (data not shown). On the other hand, the phosphorylation levels of ERK, JNK, and Akt were enhanced by serum treatment to the same degree in PP2Cb knocked-down and wild-type ES cells (Fig. 5C  and D) . We also observed little difference in the phosphorylation levels of p53(S15), TAB1, TAB2, Raf(S338), GSK3b and PDK1 between PP2Cb knocked-down and wild-type ES cells either in the presence or absence of serum (data not shown). Taken together these observations suggest that PP2Cb knockdown selectively enhanced the serum-induced phosphorylation of p38. Interestingly, knockdown of PP2Ca also enhanced the serum-induced phosphorylation of p38 but not ERK, JNK, or Akt.
Although, we observed little difference in the proliferation rate between PP2Cb D/D and wild-type ES cells (Fig. 4D) , the possibility still remained that only PP2Cb knockout ES cells, which have secondary signaling alterations, could grow in high G418 condition. To examine this possibility, we performed proliferation assay using siRNA systems. We knocked-down PP2Cb in ES cells and determined the effect of decreased expression of PP2Cb on PCR-based genotype analysis was performed on wild-type and PP2Cb-mutated ES-cell clones. Genomic DNA samples were subjected to PCR using the primers described above (Fig. 2B). (B) Northern blot analysis was performed using total RNA fractions from wild-type and PP2Cb-mutated ES cell clones. The blot was hybridized against a 567-bp BamHI/SacI PP2Cb cDNA fragment labeled with [a-32 P]dCTP, which corresponds to exon 4 of PP2Cb (upper panel). Ethidium bromide staining of rRNA was used as the loading control (lower panel). (C) Western blot analysis was carried out using extracts from the wild-type and PP2Cb-mutated ES-cell clones using an antibody that recognizes all isoforms of PP2Cb (top panel) and PP2Ca (
bottom panel). (D) Wild-type ES cells and two different PP2Cb
D/D ES-cell clones were plated (2 · 10 5 cells/60-mm-diameter dish) and cell number determined daily for five days. The data shown are means ± SD (n = 3). 
Discussion
In this study, we used a gene knockout technique in mice to investigate the role of PP2Cb in gametogenesis, fertilization, and early stages of embryonic development. In a cross between wild-type and PP2Cb D/wt mice, the ratio of PP2Cb D/wt and PP2Cb wt/wt genotypes in the progeny was 1:1, indicating that the PP2Cb D/wt mice were able to generate normal mature gametes (Table 2 ). This conclusion was supported by the evidence that both mature spermatozoa and MII oocytes from PP2Cb D/wt mice contain substantial amounts of PP2Cb (Fig. 1A and B) . Additionally, we observed a small number of PP2Cb D/D embryos with normal morphology upon genotyping of two-cell, eight-cell, and blastocyst stage embryos, but did not obtain any viable PP2Cb D/D embryos at 7.5 dpc. We demonstrated that the majority of embryonic deaths occurred between the twocell and eight-cell stages (Table 1) . It should be noted that our genotypic analysis probably underestimated the numbers of two-cell stage PP2Cb D/D embryos due to contamination from maternal DNA originating from the second polar bodies attached to the embryos.
We demonstrated the existence of PP2Cb in MII-stage oocytes, fertilized oocytes, and pre-implantation embryos (Fig. 1B and C) . It has previously been shown that transcription starts at mid-to-late-S-phase of the one-cell stage, and that the resulting proteins are generally thought to be responsible for subsequent embryonic development (Latham et al., 1992; Ram and Schultz, 1993; Matsumoto et al., 1994; Bouniol et al., 1995; Aoki et al., 1997; Takenaka et al., 1998) . Therefore, the transcripts and proteins required for the embryonic development up to the early two-cell stage are mainly of maternal origin, supporting our conclusion that the PP2Cb D/D embryo was able to survive to at least the one-cell stage. DNA microarray analysis performed by Wang et al. (2004) and Hamatani et al. (2004) indicated that the PP2Cb mRNA level declines rapidly between the early two-cell and eight-cell stages. Hence, we speculate that PP2Cb transcripts are mostly eliminated at the late two-cell stage in the PP2Cb D/D embryos. Thus, decrease in PP2Cb expression would result in embryonic lethality after the two-cell stage. We noticed that ES cells with defective PP2Cb expression were able to survive and showed a proliferation rate similar to that of wild-type ES cells (Fig. 4) . Taken together with the evidence that PP2Ca expression level was not affected by knockdown of the PP2Cb in ES cells (Fig. 5E ), these observations support the notion that PP2Cb, independently of PP2Ca, plays a key role in the development of early pre-implantation embryos.
A number of possibilities should be considered for the function of PP2Cb in early pre-implantation embryos. PP2Cb may be required for zygotic genome activation at the two-cell stage or it may be needed for some new mRNA that are needed for compaction at the eight-cell stage. It is also possible that PP2Cb may be specifically required for survival of cells at those stages. In this context, we observed that knockdown of PP2Cb selectively stimulated serumenhanced phosphorylation of p38 in ES cells (Fig. 5C  and D) . The involvement of p38 in the development of pre-implantation embryos has been documented (Takenaka et al., 1998; Liu et al., 2004) . Thus, Liu et al. (2004) have reported that phosphorylated p38 accumulated at the spindle pole of mitotic cells of pre-implantation mouse embryos. Takenaka et al. (1998) found that, in cultured mammalian cells, p38 was activated after nocodazoleinduced spindle disruption. They also demonstrated that p38 functions as a component of the spindle assembly checkpoint in the somatic cell cycle and that microinjection of activated p38 into cleaving Xenopus embryos induced mitotic arrest (Takenaka et al., 1998) . As ES cells could not be the model for 2-8 cells, we intended to knock down PP2Cb in 1-cell zygotes to study the effect of decreased expression of PP2Cb on p38 phosphorylation. However, we were unable to decrease the level of PP2Cb in 1-cell zygotes, presumably due to the lower knockdown efficiency in these cells than in ES cells (unpublished observation). Therefore, the possibility that the aberrant activation of p38 in PP2Cb D/D embryos might be the reason for the early pre-implantation lethality still remains to be elucidated.
We have previously reported that ectopic expression of mouse PP2Cb-1 in COS7 cells inhibited the SAPK signaling pathways mediated by JNK and p38, but not the classical MAPK pathway, which involves ERK (Hanada et al., 1998) . Furthermore, we showed in the same system that PP2Cb-1 associated with TAK1 (a MKKK that lies upstream of both JNK and p38) and inactivated it by direct dephosphorylation. In addition, we noticed that PP2Cb-1 had no effect on the phosphorylation levels of MAPK kinase (MKK)6 and p38, whereas TAK1 was readily dephosphorylated by PP2Cb-1 in vitro, suggesting a high specificity of PP2Cb-1 for TAK1 (Hanada et al., 2001) . In this study, however, we found that knockdown of PP2Cb in ES cells enhanced serum-induced phosphorylation of p38, but not of JNK. Therefore, we examined whether endogenous TAK1 in ES cells was phosphorylated and activated by serum stimulation and found that it was not (unpublished observation). These observations suggest that PP2Cb suppressed the serum-induced activation of p38 independently of TAK1. Expression of not only PP2Cb-1 but other PP2Cb isoforms, including PP2Cb-X, in ES cells was suppressed by transfection of the PP2Cb siRNA vector (Fig. 5B) . Consequently, it may be possible that, some PP2Cb isoform(s) other than PP2Cb-1 is responsible for the specific dephosphorylation of p38 or MKK3/6 in ES cells. Alternatively, PP2Cb-1 may participate in the regulation of a serum-activated signaling pathway, leading to inactivation of p38 by dephosphorylating an as yet unidentified substrate in ES cells. Further study is required to discriminate between these two possibilities.
Experimental procedures

Materials
Pregnant horse serum gonadotropin and human chorionic gonadotropin were purchased from Teikoku Zoki (Tokyo, Japan). Hyaluronidase, M2 media, and acid Tyrode's solution were obtained from Sigma (St. Louis, MO). Vectashield mounting medium was from Vector Laboratories (Burlingame, CA). Anti-murine PP2Cb polyclonal antibody was prepared by MBL (Nagoya, Japan). Anti-murine PP2Ca polyclonal antibody was purchased from Upstate (Charlottesville, VA). Anti-phospho-p44/p42 ERK (Thr202/Tyr204), anti-p44/p42 ERK, anti-phospho-JNK (Thr183/ Tyr185), anti-phospho-p38 (Thr180/Tyr182), anti-phospho-Akt (Ser473), anti-Akt, and anti-rabbit IgG HRP-linked antibodies were purchased from Cell Signaling Technology (Beverly, MA). Anti-JNK (C-17) and anti-p38 (C-20) antibodies, and normal rabbit IgG were from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa-488-conjugated secondary antibody was purchased from Molecular Probes (Eugene, OR). Other reagents were purchased from Wako (Osaka, Japan).
Methods
4.2.1. Immunocytochemistry of spermatozoa, oocytes, and pre-implantation embryos Spermatozoa were isolated from mouse epididymis and capacitated in HTF medium. Female mice (C57BL/6) were induced to superovulate with pregnant horse serum gonadotropin (5-7.5 IU) followed 48 h later with human chorionic gonadotropin (5-7.5 IU) (Nagy et al., 2003) . Oocytes and embryos at different stages of development were collected at intervals after the second gonadotropin treatment. MII-stage oocytes were flushed from the oviducts at 14-15 h. Any cumulus cells adhering to the oocytes were removed by digestion with hyaluronidase (300 lg/ml). Zygotes (20-24 h), early two-cell embryos (31-32 h), late two-cell embryos (46-48 h), four-cell embryos (54-56 h), eight-cell embryos (69 h), and blastocysts (87 h) were collected by flushing the oviducts or the uterus with M2 medium and washing in several large volume changes of M2 to eliminate any contaminating maternal cells. The zona pellucida was removed with acid Tyrode's solution. The oocytes and embryos were fixed in 3.7% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) immediately after collection and then permeabilized with PBS containing 0.1% (v/v) Triton X-100. The samples were blocked with 3% (v/v) normal goat serum in PBS, incubated with PBS containing 1% (v/v) NGS, 0.1% (v/v) Tween 20, and anti-PP2Cb antibody (1:1000), and then stained with propidium iodide (PI, 5 lg/ml) and Alexa-488-conjugated secondary antibody (1:200). The immunostained samples were mounted in Vectashield mounting medium and fluorescence was visualized using a confocal microscope (Carl Zeiss LSM5, Oberkochen, Germany). As a negative control, normal rabbit IgG (1:200) was used instead of anti-PP2Cb antibody, and PI staining was omitted. All experiments were performed at least three times with representative results presented.
Generation of PP2Cb-deficient mice
The genome structure of PP2Cb/Ppm1b has previously been determined and confirmed by the Mouse Genome Resources (National Center for Biotechnology Information: NCBI, http://www.ncbi.nlm.nih.gov) (Fig. 2A) . In order to construct a gene-targeting vector, we used a 13.5-kb PP2Cb/Ppm1b fragment derived from a mouse genomic DNA library (kFIX II, Stratagene, La Jolla, CA) that contained exon 4, which includes the initiation codon AUG. A DNA fragment encoding the phosphoglycerate kinase promoter-driven neomycin resistance gene flanked by two loxP sites was placed in the intron upstream of exon 4, and another loxP site was inserted into the downstream intron. A DNA fragment encoding an MC1 promoter-driven diphtheria toxin (MC1-DTpA) was inserted at the 3 0 -end of the genomic fragment as a counter-selectable marker against random integration events. The targeting construct was linearized at the unique SalI site located in the plasmid vector (Fig. 2B) . The resulting targeting vector was electroporated into embryonic stem (ES) cells and the homologous recombinants were obtained as described previously (Mountford et al., 1994) . Homologous recombination was confirmed by Southern blotting using a 5 0 probe, a 0.8-kb BamHI-KpnI genomic DNA fragment complementary to intron 3, and a 3 0 probe, a 2.0-kb BamHI-PstI genomic DNA fragment complementary to intron 4 (Fig. 2C) . ES cells were injected into C57BL/6 blastocysts to create chimeras; chimeric males were mated to C57BL/6 females to produce PP2Cb 3lox/wt mice.
4.2.3. Preparation of 1.5, 2.5, and 3.5 day post-coitus (dpc) embryos Embryos at different stages of development (1.5, 2.5, and 3.5 dpc) were collected by flushing the oviduct or uterus with M2 medium (Sigma). The embryos were then washed with several large volume changes of M2 to eliminate any contaminating maternal cells.
Isolation of genomic DNA
Pre-implantation embryos were incubated with the lysis buffer (100 mM Tris-HCl, pH 8.5, 50 mM KCl, 2 mM MgCl 2 , 0.45% (v/v) NP-40, 0.45% (v/v) Tween 20, and 60 lg/ml proteinase K) for 3 h at 55°C; lysis was terminated by heat inactivation for 10 min at 95°C. Genomic DNA was isolated from the lysates using a standard procedure.
Genotyping of DNA from mouse tails and ES cells
Aliquots of genomic DNA obtained from mouse tails and ES cells were used for semiduplex PCR analysis using combinations of the following three primers: Int3S, (5 0 -CAGGAGTTTGCTACTACC-3 0 ); Ex4S, (5 0 -AGAGCAGCTTGTTTCTCC-3 0 ); and Int4AS, (5 0 -CACTCCAGCTC AATACGT-3 0 ) (Fig. 2B) . PCR using Ex4S (5 0 primer) and Int4AS (3 0 primer) gave the expected products of 437 and 483 bp for the wild-type and 3lox alleles, respectively, while PCR using Int3S (5 0 primer) and Int4AS (3 0 primer) gave the expected product of 269 bp for the D allele. Amplification was carried out for 30 cycles at 94°C for 1 min, at 53°C for 1 min, and then at 72°C for 30 s. The reaction mixture contained 1· PCR buffer, 2.5 mM dNTPs, 0.1 lM primers, and 0.4 U Taq polymerase (Sigma). In the case of pre-implantation embryos, PCR amplification was performed for 40 cycles using the same reaction buffer as above except for using Ex Taq polymerase (Takara, Kyoto, Japan). PCR products were resolved on 2% (w/v) agarose gels.
Generation of PP2Cb
D/D ES cell clones PP2Cb 3lox/wt ES cells were cultured in the presence of a relatively high concentration of G418 (2.0 mg/ml) as described previously (Mortensen et al., 1992) . After culturing for 15-20 days, viable colonies were isolated and expanded, and their genotypes were determined. The resulting PP2Cb 3lox/3lox ES cells were transiently transfected with Cre-expressing plasmid (pCAGGS-Cre) to generate PP2Cb D/D ES cell lines.
Northern blot analysis
Total cellular RNA was extracted from various ES cell clones using an RNeasy Kit (Qiagen, Hilden, Germany). Total RNA (15 lg) was size fractionated by agarose-formaldehyde gel electrophoresis, transferred and cross-linked to nylon membranes. The mouse PP2Cb probe BamHI/SacI fragment of PP2Cb cDNA was isotope labeled using [ 32 P]dCTP and the random DNA labeling kit 2 (Takara). Membranes were hybridized and washed under high stringent conditions, as described previously (Terasawa et al., 1993) . Hybrids were detected by autoradiography with intensifying screens at À70°C.
Western blot analysis
Extracts of cultured cells or mouse tissues were lysed with lysis buffer [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol, 0.1% (v/v) Triton X-100, 1 mM Na 3 VO 4 , 50 mM NaF, and 1 mM b-glycerophosphate] containing a protease inhibitor cocktail (Roche). Total proteins were then fractionated by SDS-polyacrylamide gel electrophoresis and subjected to Western blot analysis with indicated antibodies. Immune complexes were detected with the ECL Plus system (Amersham).
Construction of a small interfering RNA vector
Construction of an H1 promoter-driven small interfering RNA (siRNA) vector (pKDhH1) has been described previously (Brummelkamp et al., 2002) . In brief, the human H1 promoter was isolated by PCR from human embryonic kidney 293 cell genome DNA and cloned into pBluescript II SK(+) vector to generate H1 promoter cassette. The primer pairs were 5 0 -CCATGGAATTCGAACGCTGACGTC-3 0 (forward) and 5 0 -GCA AGCTTAGATCTGTGGTCTCATACAGAACTTATAAGATTCCC-3 0 (reverse). Hairpin siRNA sequences were synthesized as two complementary DNA oligonucleotides,annealed, and ligated between the BglII and HindIII sites. Target nucleotide sequences used for construction of this vector (Fig. 5A ) are as follows: PP2Cb S, (5 0 -GATCCCCGAGGATGAGTT TGTCGTCTTTCAAGAGAAGACGACAAACTCATCCTCTTTTTGG AAC-3 0 ); and PP2Cb AS, (5 0 -TCGAGTTCCAAAAAGAGGATGAGT TTGTCGTCTTCTCTTGAAAGACGACAAACTCATCCTCGGG-3 0 ). PP2Ca S, (5 0 -GATCCCCGAAACATGGTGCAGATAGATTCAAGA GATCTATCTGCACCATGTTTCTTTTTGGAAA-3 0 ); and PP2Ca AS, (5 0 -AGCTTTTCCAAAAAGAAACATGGTGCAGATAGATCTCTTG AATCTATCTGCACCATGTTTCGGG-3 0 ). Small interfering RNA vectors or empty vector (as a control) were transfected into ES cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Cell proliferation assay
To evaluate the cell proliferation rate, ES cells were seeded onto a 96-well flat-bottom plate at a concentration of 1 · 10 4 cells/well in 100 ll of GMEM medium. Small interfering RNA vectors were transfected to ES cells with Lipofectamine 2000 following manufacturer's instruction. Two hours after addition of 15 ll CellTiter 96 Ò AQueous (MTS) solution (Promega, Madison, WI) to the culture medium, the colored MTS products in the supernatant were read at 490 nm.
